Abstract Management of patients with glioblastoma (GBM) often includes radiation (RT) and temozolomide (TMZ). The association between severe treatment-related lymphopenia (TRL) after the standard chemoradiation and reduced survival has been reported in GBM patients with the median age of 57. Similar findings were described in patients with head and neck, non-small cell lung, and pancreatic cancers. This retrospective study is designed to evaluate whether elderly GBM patients (age C65) develop similar TRL after RT/TMZ and whether such TRL is associated with decreased survival. Serial total lymphocyte counts (TLC) were retrospectively reviewed in patients (age C65) with newly diagnosed GBM undergoing RT/ TMZ and associated with treatment outcomes. Seventy-two patients were eligible: median KPS 70, median age 71 years (range 65-86) with 56 % of patients [70 years, 53 % female, 31 % received RT B45 Gy. Baseline median TLC was 1100 cells/mm 3 which fell by 41 % to 650 cells/ mm 3 2 months after initiating RT/TMZ (p \ 0.0001). Patients with TLC \500 cells/mm 3 at 2 months had a shorter survival than those with higher TLCs with a median overall survival of 4.6 versus 11.6 months, respectively. Multivariate analysis revealed a significant association between TRL and survival (HR 2.76, 95 % CI 1.30-5.86, p = 0.008). Treatment-related lymphopenia is frequent, severe, and an independent predictor for survival in elderly patients with GBM. These findings add to the body of evidence that immunosuppression induced by chemoradiation is associated with inferior clinical outcomes. Prospective studies are needed to confirm these findings suggesting that immune preservation is important in this cancer.
Introduction
The concept that the immune system plays a pivotal role in the prevention and control of cancer is not new to the literature. This has led to an explosion in immunotherapy research and the FDA approval of sipuleucel-T, nivolumab, pembrolizumab and ipilimumab. Lymphocytes are one of the main components of human immune system and they are the essential effector cells in the immune response to cancer [1] . The presence of adequate circulating lymphocytes appears to be correlated with the pharmacological efficacy of the immune checkpoint blocking agent ipilimumab and cancer vaccine sipuleucel-T [2] [3] [4] . Furthermore, the clinical consequences of lymphopenia have been well described. Pre-treatment lymphopenia has been found to be a poor prognostic indicator in many cancers [5, 6] . The extent of lymphocytic infiltration of solid tumors on pathology has also been correlated with overall survival (OS) [7] [8] [9] [10] .
More recently, lymphopenia following initiation of treatment with chemoradiation has been explored in various cancers with findings showing inferior OS. Most notably, a prospective study consisting of 96 patients with high grade glioma examined the association between CD4 cell counts and clinical outcomes. These patients received three highly lymphotoxic therapies: radiation (RT), glucocorticoids, and temozolomide (TMZ). Total lymphocyte counts (TLC) and CD4 cell counts were normal prior to initiation of antineoplastic therapy. However, 2 months following RT and TMZ, 40 % of these patients suffered from severe grade III-IV lymphopenia with a TLC \500 cells/mm 3 and CD4 count \200 cells/mm 3 with persistence of severe lymphopenia for more than a year. Multivariate analysis revealed these significant reductions in CD4 counts at 2 months was independently associated with inferior OS due primarily to tumor progression [11] . The association of treatment related lymphopenia (TRL) and decreased OS has also been observed in non-small cell lung cancer, head and neck cancer, and pancreatic cancer [12] [13] [14] [15] [16] [17] .
Recent studies suggest that RT may play a major role in lymphopenia. Yovino et al. used a mathematical model to estimate the RT exposure of circulating lymphocytes during RT to the brain. They found that over 95 % of circulating cells received a lymphocyte toxic dose after the standard 30 fractions of RT treatment [18] . In addition, a study of 183 patients with glioblastoma (GBM) evaluated for predictors of lymphopenia, and found that older age, female sex, lower baseline TLC, and higher brain volume receiving 25 Gy were predictors of severe lymphopenia. In this study, 29 % of patients developed severe TRL with TLC less than 500 cell/mm 3 [19] . With the exploration of immunotherapy in the treatment of GBM, the literature on TRL becomes particularly relevant. However, the current literature on TRL only sheds light on patients with a median age of 57, and does not address elderly patients (age C70 years) with GBM [11] . The current standard treatment for GBM is surgery followed by concurrent RT/TMZ and adjuvant monthly TMZ for patients age 18-70 years old [20] . At this time, there is no standard treatment for elderly patients with GBM. Most elderly patients with a good KPS haven been treated with 6 weeks standard RT/TMZ, but others have received 3-4 weeks short course of RT/TMZ, TMZ alone, or hypofractionated RT due to the morbidity of standard RT/ TMZ. A recent study suggested that survival was not inferior with TMZ and hypofractionated RT than with standard RT in patients over age 70 [21] . Considering the toxicities of standard RT and TMZ in the elderly, and the potential for treatment with immunotherapy it is imperative that the degree of TRL in the elderly be explored, along with the associated effects on OS.
This retrospective study was performed to determine if elderly patients with newly diagnosed GBM also develop significant lymphopenia after chemoradiation and if this TRL is associated with reduced OS in this elderly patient population.
Patient and methods

Study population
This study was reviewed and approved by the Institutional Review Board of Washington University. Patients were retrospectively identified using a database of consecutive GBM patients at Washington University School of Medicine/Barnes-Jewish Hospital. The following eligibility criteria were required: (1) newly diagnosed GBM between 2000 and 2013, (2) C65 years of age, (3) received at least RT therapy at our institution during their course of treatment, and (4) baseline and follow-up complete blood counts (CBC) performed at Washington University School of Medicine/Barnes-Jewish Hospital and thus accessible through the electronic medical record.
Treatment and total lymphocyte count examination
Prognostic factors in GBM including KPS, MGMT methylation status, and extent of surgical resection were obtained from the patient's medical record. More specifically, the surgical procedure performed was categorized as biopsy, subtotal resection, or gross total resection. In addition, baseline steroid use, anticonvulsant use, chemotherapy treatments, and total RT doses were collected. Baseline steroid use was defined as the use of any glucocorticoid before initiation of therapy. Monthly CBC that were routinely performed after initiation of RT and chemotherapy were collected.
Total lymphocyte counts were collected before beginning chemoradiation and monthly thereafter for a total of 12 months. Baseline TLCs were obtained for all patients, which was defined as the most recent TLC obtained just prior to initiation of RT therapy. Baseline TLCs were classified as normal (C1000 cells/mm 3 ) or abnormal (\1000 cell/mm 3 ). All subsequent TLCs were obtained during treatment and/or observation in one-month intervals as available in the patient's record. Considering the literature has provided evidence that the nadir of TLCs during chemoradiation treatment is around 2 months, in patients without a 2-month TLC the TLC at 1 month was utilized [11] . Severity of TRL following initiation of antineoplastic therapy was classified based on the National Cancer Institute's Common Terminology Criteria for Adverse Events (CTCAE-Version 4.03).
The TLCs at 2 months after the initiation of RT and chemotherapy were dichotomized to CTCAE grade 0-II versus grade III-V for the relevant analyses. Dichotomization between grade 0-II and III-V was performed as grade III (TLC \500 cells/mm 3 ) and above adverse events are defined as severe or medically significant (CTCAE-Version 4.03). Furthermore, the literature on TRL in high grade gliomas and other solid tumors have found an association with TLC \500 cells/mm 3 at 2 months and OS [11] [12] [13] [14] [15] [16] [17] . Overall survival time was measured from the date of diagnosis to the date of death due to any cause, and those subjects alive at the time of last follow-up were censored.
Statistical Analysis
Patient baseline characteristics were summarized using descriptive statistics, and the difference between lymphopenia groups were compared using Chi square test, Fisher's exact test, Student's t test or Mann-Whitney rank-sum test as appropriate. Survival probability was estimated using the Kaplan-Meier product limit method and compared using log-rank test. The confidence interval of median survival time was constructed by the method of Brookmeyer-Crowley. A univariate proportional hazard Cox model was used to assess an association between potential prognostic factors and OS. To assess whether lymphopenia was an independent predictor of survival, a multivariate Cox model was constructed using all other prognostic factors that had attained a p value less than 0.1 in the univariate analyses. All analyses were two-sided and significance was set at a p value of 0.05. Statistical analyses were performed using SAS 9.3 (SAS Institutes, Cary, NC).
Results
Baseline characteristics of patients
Seventy-two patients met the required eligibility criteria. Baseline demographic information for these patients is provided in Table 1 . The median age of the patients was 71 years (range 65-86) with 56 % of patients greater than 70 years of age. Fifty-three percent of the patients were female and 97 % were Caucasian with a median KPS of 70. Forty-two percent of patients underwent a gross total resection and 15 patients were found to be positive for MGMT methylation. Thirty-one percent of patients received a RT dose less than 45 Gy and 90 % of patients received concurrent TMZ. Prior to the initiation of chemoradiation therapy, 85 % of patients were taking glucocorticoids (Table 1) .
Total lymphocyte counts over time
The median TLC for all patients prior to chemoradiation was 1100 cells/mm 3 (range 300-3200 cells/mm 3 ) with 57 % of patients having a baseline TLC C1000 cells/mm 3 and 97 % with a baseline TLC C500 cells/mm 3 . Two months after beginning RT with TMZ (n = 65) or no TMZ (n = 7), the median TLC fell by 41 % (median 650 cells/ mm 3 , range 200-2200 cells/mm 3 ) with 21 % of patients with a TLC\500 cells/mm 3 (median 400 cells/mm 3 , range 200-400 cells/mm 3 ) (Fig. 1 ). In addition, as shown in Fig. 1 , the median TLC remained below 1000 cells/mm 3 for the entire one-year observation period. Twenty patients had missing lymphocyte counts at 2 months and in these patients the TLCs at 1 month were used. As shown in Table 1 , there were no significant differences appreciated in the baseline demographics, laboratory data, MGMT methylation status, extent of resection, RT dose, baseline steroid use, anticonvulsant use, or concurrent TMZ when comparing patients with TLCs C500 cells/mm 3 to those with TLCs \500 cells/mm 3 at 2 months.
Associations between patient characteristics and overall survival Table 2) . Kaplan-Meier survival curves of patients with TLC \500 and C500 cells/mm 3 at 2 months after beginning chemoradiation are presented in Fig. 2 . Tumor progression was the cause of death in the vast majority of patients. Interestingly, a RT dose B45 Gy was found to be associated with inferior outcomes. This may represent a selection bias given most elderly patients with poor KPS or multiple comorbidities are often treated with a shorter course of RT therapy.
Discussion
The landmark Stupp study demonstrated a survival advantage with concurrent and adjuvant TMZ with standard 6 weeks of radiotherapy in GBM patients but excluded those older than 70 years [20] . Grossman et al. reported that severe TRL with TLC \500 cell/mm 3 and CD4 counts \200 cell/mm 3 at 2 months following initiation of chemoradiation was associated with reduced OS in GBM patients who were treated with the Stupp regimen with RT and TMZ [11] . When considering this TRL and the theory of age-related lymphopenia, it is prudent to consider the degree of TRL in the elderly and its effects on OS. To our knowledge, this is the first study to explore lymphopenia in the elderly patients following initiation of RT therapy and TMZ. This retrospective analysis of elderly patients 65 years or older with GBM demonstrates that despite a normal median TLC, 2 months following the initiation of RT and TMZ, TLCs fell by 41 %. Severe grade III-IV lymphopenia with TLCs\500 cells/mm 3 were found in 21 % of patients after 2 months. Furthermore, this lymphopenia did not return to baseline levels during 12 months of observation. The timing, severity, and duration of this treatment-induced lymphopenia is comparable to that recently reported in patients with newly diagnosed high grade gliomas, resected and unresected pancreatic cancer, head and neck squamous cell carcinoma, and stage III non-small cell lung cancers after treatment with chemoradiation [11] [12] [13] [14] [15] [16] [17] . More importantly, elderly patients who experienced a TLC of \500 cells/mm 3 at 2 months had a decreased OS by 7 months that was statistically significant (4.6 vs. 11.6 months, p = 0.003). This finding was further supported on multivariable analysis with a significant hazard rate of 2.76 in patients with TLC \500 cells/mm 3 at 2 months following initiation of chemoradation (HR 2.76, 95 %CI 1. 30-5.86, p = 0.008). These findings are concordant with the literature in multiple solid tumors showing an association between TRL and reduced OS [11] [12] [13] [14] [15] [16] [17] .
Our findings and recent publications have suggested that RT might play a major role in TRL. A recent meta-analysis study explored the association among TRL and OS in various solid tumors [17] . The study found that the association between TRL and OS was independent of pretreatment prognostic factors, tumor histology, chemotherapy regimen, or corticosteroid use, and that RT likely played an important role considering it was the one common variable in all of the studies. As acknowledged by the authors, this hypothesis is supported by a study of patients with stage III non-small cell lung cancer who, despite receiving neoadjuvant chemotherapy, did not develop lymphopenia until RT was delivered [13] . A mathematical model has been used to estimate the RT exposure of circulating lymphocytes during RT to the brain, considering the radio-sensitivity of lymphocytes. Receiving 60 Gy in 30 fractions exposes nearly all circulating cells to potentially lymphotoxic doses of RT [18] . Most recently, a study of 183 patients with high grade gliomas evaluated for predictors of lymphopenia, and found that higher brain volume receiving 25 Gy was one of the predictors of severe lymphopenia [19] . Together this evidence suggests that RT might play a major role in TRL.
There are a few interesting but unique findings in this elderly group of patients. First, in Grossman et al's report of 96 GBM patients with a median age of 57 years old, over 90 % of patients had a normal baseline TLC (C1000 cells/mm 3 ) [11] . On the contrary, in our study of elderly patients with a median age of 71 years, only 57 % patients had a normal baseline TLC. This is likely due to advanced age, relative poor KPS (90 vs. 70), and nutrition status compared to younger patients [11, 19, 22, 23] . Second, both univariate and multivariate analyses suggested that patients receiving [45 Gy of RT were associated with longer OS than those receiving B45 Gy of RT. This was an unexpected finding. Previous publications demonstrated that a 3-week short course of RT was at least equivalent to the standard 6-week course of RT in older GBM patients [24, 25] . This discrepancy is likely the result of patient selection bias within our study, as elderly patients with a good KPS are more likely to be offered the standard 6-week course of RT with concurrent TMZ. Interestingly, when comparing TLCs over time in patients who received RT doses [45 Gy versus RT doses B45 Gy, patients developed similar TRL regardless of the RT dose they received. TLC dropped significantly in both short 3 2 months after initiating RT/TMZ in 22 patients who received RT doses B45 Gy (p = 0.002). Baseline median TLC was 1200 cells/mm 3 which fell by 37 % to 750 cells/mm 3 2 months after initiating RT/TMZ in 50 patients who received RT doses [45 Gy (p = 0.0002). The lower level of baseline TLC in patients who received short course of RT may be a poor prognostic characteristic which might contribute to the shorter survival in these patients. This was another unexpected finding, as a previous report from Huang et al. demonstrated that higher brain volume receiving 25 Gy was one of the predictors of acute severe lymphopenia [19] . Another group showed the percentage of circulating lymphocyte damaged was proportionally related to the fractions of RT treatment [18] . Based on this literature, we were expecting more TRL in patients who received a RT dose [45 Gy. Our unexpected result is likely due to the small sample size, and a fragile patient population with the potential to have a higher risk of developing treatment related toxicity even with a short course of RT. Third, the utilization of 1-month TLCs in patients where a 2-month TLC was not available is a limitation of the study as this potentially underestimates the degree of lymphopenia experienced at 2 months. Lastly, in this elderly patient population only 21 % patients had MGMT promoter methylation and 42 % achieved a gross total resection. Consistent with the literature, both MGMT promoter methylation and gross total resection were associated with improved clinical outcomes in elderly GBM patients [26, 27] .
Ongoing clinical trial NRG-BN001 is a phase II randomized trial investigating the OS in patients who receive dose escalation and intensified proton therapy or IMRT with concurrent and adjuvant TMZ as compared to standard RT therapy with concurrent and adjuvant TMZ in patients with newly diagnosed GBM. This study has included a secondary analysis of CD4 counts at baseline and overtime based on literature showing CD4 counts at 2 months aid in prognostication. Considering the inclusion of elderly patients in this study with an age criteria of 18 years or older, a secondary analysis of this study will contribute significantly to the literature on TRL in the elderly as it would be the first analysis of a prospective, randomized patient population. If the association of TRL and reduced survival is validated in larger studies, TLC should be routinely monitored in this patient population and therapy could be adjusted per TLC levels. For instance, RT and/or TMZ could be reduced in patients who experienced a significant drop in TLC.
Conclusion
In summary, our findings strongly suggest that TRL is common, severe and long-lasting in elderly patients with GBM, and this severe lymphopenia is associated with reduced OS in this patient population. These findings add to the body of evidence that immunosuppression induced by chemoradiation is associated with inferior clinical outcomes. However, there are several substantial limitations to our study which should be carefully considered. This is a small, retrospective study with a limited number of eligible patients and a heterogeneic patient population. As a result, larger prospective studies are needed to confirm these findings. In addition, an improved understanding of the biology behind TRL is critical to developing novel approaches to prevent inadvertent lymphocyte depletion or to restore lymphocytes during or after RT and chemotherapy. These approaches may have the potential to improve survival in selected patients with deadly cancers such as GBM. 
